A total of 24 patients (median age 58; range, 27-71 years) with chronic myeloid leukemia (CML) in first chronic (CP1) (n ¼ 14), second chronic (n ¼ 4), or accelerated phase (n ¼ 6) who were not candidates for conventional hematopoietic cell transplantation (HCT), received nonmyeloablative HCT from HLA-matched siblings a median of 28.5 (range, 11-271) months after diagnosis. They were conditioned with 2 Gy total body irradiation (TBI) alone (n ¼ 8) or combined with fludarabine, 90 mg/m 2 (n ¼ 16). Postgrafting immunosuppression included cyclosporine and mycophenolate mofetil. All patients initially engrafted. However, 4 of 8 patients not given fludarabine experienced nonfatal rejection while all others had sustained engraftment. With a median follow-up of 36 (range, 4-49) months, 13 of 24 patients (54%) were alive and in complete remission. There were five (21%) deaths from nonrelapse mortality, one (4%) during the first 100 days after transplant. The proportions of grade II, III, and IV acute GVHD were 38, 4, and 8%, respectively. The 2-year estimate of chronic GVHD was 32%. The 2-year survival estimates for patients in CP1 (n ¼ 14) and beyond CP1 (n ¼ 10) were 70 and 56%, respectively. This study shows encouraging remission rates for patients with CML not eligible for conventional allografting.
Introduction
Despite the recent introduction of new therapies, conventional allogeneic hematopoietic cell transplantation (HCT) has remained the only treatment capable of inducing durable molecular remissions and cures for patients with chronic myeloid leukemia (CML). [1] [2] [3] While remissions following HCT are thought to be the consequence of both the high-dose cytotoxic conditioning regimens and graft-versus-leukemia (GVL) effects, the latter seems to play an important role, in particular, in chronic phase (CP) patients. 4, 5 Direct evidence for the GVL effect comes from the observation that a high proportion of CP1 patients who relapsed after HCT could be cured with donor lymphocyte infusions (DLI), which induced potent GVL effects against CML cells. [6] [7] [8] The results of conventional HCT are strongly influenced by disease stage at transplantation, with reports from our Center documenting 86% survival for CP patients, 50% for accelerated phase (AP) patients, and only 10% for blast crisis (BC) patients. 1, [9] [10] [11] In addition, younger patients who received HCT early after diagnosis have been shown to have better outcomes (Clift et al, Blood 1995; 82: 1954 -1956 (abstract)). 10, [12] [13] [14] On the other hand, conservative therapies such as interferon-alpha (IFNa) or, more recently, imatinib have been proven to be safer and easier to administer compared to HCT, but these alternate therapies have induced complete molecular remissions only in a minority of patients. Moreover, the long-term outcomes with imatinib are currently unknown (O'Brien et al, Blood 2001; 98: 846a (abstract); Hughes et al, Blood 2002; 100: 93a (abstract)). 15, 16 Patients who fail to respond to these therapies rely on allogeneic. HCT as the last and best possible chance to achieve cure of their diseases.
A major concern with conventional allogeneic HCT has been the potential of nonrelapse mortality (NRM) due to toxicities of conditioning regimens, which has limited eligibility to patients without comorbidities and those younger than 55-65 years at most centers. Given that the median age at diagnosis of patients with CML ranges from 65 to 70 years (http://www.seer.cancer. gov), most patients with this disease have not been eligible for conventional HCT. In an attempt to overcome this limitation, several nonmyeloablative conditioning regimens have been developed with the goals of reducing NRM and eradicating disease through reliance on GVL effects. [17] [18] [19] [20] The nonmyeloablative conditioning regimen used in the current report included 2 Gy total body irradiation (TBI) with or without fludarabine and was combined with postgrafting immunosuppression provided by mycophenolate mofetil (MMF) and cyclosporine (CSP). This regimen has been shown to be safe and effective in patients with various hematological malignancies who either had pre-existing comorbidities or were older than 65 years (Sandmaier et al, Blood 2001; 98: 742a (abstract)). 17 The present report evaluated the outcomes for patients with CML who were treated with this approach. Major protocol eligibility requirements were (1) Philadelphiapositive (Ph þ ) CML in CP1, CP2 or AP; (2) ineligibility for conventional HCT because of age (older than 65 years) and/or comorbid conditions (coronary artery disease, active hepatitis, presence of fungal infection, and diabetes mellitus with end-organ damage or associated with morbid obesity and/ or hypertension requiring multiple drugs for therapy) (Sorror et al, Blood 2004; 104: 324a (abstract)), 21 and/or failed preceding conventional autologous or allogeneic HCT; (3) human leukocyte antigen (HLA)-identical related donors as assessed by intermediate-to high-resolution molecular matching for HLA-A, -B, -C, and allele-level matching for HLA-DRB1 and -DQB1; 22, 23 (4) discontinuation of IFN-a at least 1 month before HCT and not in partial or complete cytogenetic remission; and (5) Karnofsky score more than 70%, cardiac ejection fraction more than 40%; bilirubin and transaminases less than two times normal; diffusing lung carbon monoxide (DLCO) greater than 50% of predicted; and absence of poorly controlled hypertension. Institutional review boards at each of the participating institutions approved the study protocols, and written informed consents were obtained from all patients and donors.
Patients and methods

Patients and eligibility
The patients' characteristics are summarized in Table 1 . There were 14 male and 10 female subjects. The median patient age was 58 (range, 27-71) years, and the median donor age was 52 (range, 25-72) years. A total of 14 patients had CML in CP1, 4 in CP2 and 6 in AP. All patients had received preceding therapies, and the median time between diagnosis and HCT was 28.5 (range, 11-271) months. Nine patients were ineligible for conventional HCT because of age above 65 years, 11 because of the presence of comorbidities, and four patients because of both age and the presence of comorbidities.
Treatment and evaluations
The first eight patients received conditioning with 2 Gy TBI alone. When four of eight patients experienced nonfatal graft rejections, the subsequent 16 patients were given, in addition to 2 Gy TBI, three doses of fludarabine, 30 mg/m 2 /day, from days À4 to À2. TBI was given as a single fraction on day 0, delivered at 0.07 Gy/min from dual 60-cobalt sources or linear accelerators, followed by donor hematopoietic cell infusions. In all patients, the source of donor cells was granulocyte colonystimulating factor (G-CSF)-stimulated peripheral blood mononuclear cells containing medians of 7.9 (range, 2.0-18.1) Â 10 6 CD34 þ cells/kg, and 3.4 (range, 1.7-4.9) Â 10 8 CD3 þ cells/ kg. CSP was administered orally at 6.25 mg/kg twice daily starting on day À3. CSP levels were targeted to the upper therapeutic range (approximately 500 ng/ml; Abbott TDX, Abbot Park, IL, USA) until day 35 and then tapered through day 56 after HCT for patients who received TBI alone. In patients who received TBI plus fludarabine, CSP was tapered from days 56 to 180 after HCT. MMF was given orally twice daily at 15 mg/kg, starting on day 0 to day 27 after HCT. Prophylaxis against Pneumocystis carinii, fungal, toxoplasmosis, and cytomegalovirus (CMV) infections was used (Sullivan et al, Exp Hematol 1983; 11: 193 (abstract) ). [24] [25] [26] The percentage of donor chimerism levels among peripheral blood T cells, granulocytes, and unfractionated marrow were assessed on days 28, 56, 84, 180, and 360 after HCT using fluorescence in situ hybridization (FISH) to detect X and Y chromosomes for recipients of sex-mismatched transplants 27 and polymerase chain reaction (PCR)-based analyses of variable number tandem repeats (VNTR) for recipients of sex-matched transplants. 28 The primary study objective was establishment of mixed chimerism at day 28 after HCT, defined as the detection of 45% peripheral blood donor CD3 þ cells. Conversion to full donor chimerism was defined as detection of X95% donor CD3 þ T cells. Patients with decreasing donor chimerism or persistence of disease were eligible to receive DLI if they had X5% of donor CD3 þ T cells, had no evidence of GVHD, and immunosuppression had been discontinued for at least 2 weeks. Patients were scheduled to receive up to three DLI at increasing cell doses at intervals of 28 days if disease progressed or 65 days for persistent disease. Five patients received a total of six DLI (one patient, two infusions and four patients, one infusion).The median number of CD3 þ T cells among six DLI administered to five patients was 1 (range, 1-6.6) Â 10 7 CD3 þ cells/kg. Patients who had rapid progression of disease early after transplantation or graft rejection (o5% donor peripheral blood CD3 þ T cells) were considered treatment failures and were eligible for other therapies not included in this protocol.
Acute and chronic GVHD were graded as previously described. 29 Complete remissions (CR) were defined as normalization of white blood cell and platelet counts with disappearance of the Ph þ chromosome and VNTR evidence of complete donor myeloid chimerism; partial remission was defined as normalization of white blood cell and platelet counts with reduction by X50% of the pretreatment numbers of Ph þ chromosome positive marrow cells or o35% Ph þ cells in at least 15 metaphases analyzed (whichever was lowest); no response was defined as persistence or progression of disease by morphologic, cytogenetic, and VNTR analyses at 12 weeks after the final DLI. Toxicities were classified according to National Cancer Institute Common Terminology Criteria for adverse events (CTCAE), version 2.0 (National Cancer Institute Bethesda, MD USA). Patients were classified according to European Group for Blood and Marrow Transplantation (EBMT) Risk Score. 30, 31 Pathology evaluations, cytogenetics studies, and reverse transcriptase polymerase chain reaction (RT-PCR) monitoring were performed on days 28, 56, and 84 after HCT, then at 6-month intervals for 2 years, and yearly thereafter. A two-step, 'nested' RT-PCR was used to amplify the chimeric bcr-abl mRNA. 32 
Statistical analyses
Overall survival and progression-free survival were estimated by the Kaplan-Meier method. Cause-specific mortalities and chronic GVHD were summarized using cumulative incidence estimates. 33 Relapse/disease progression was regarded as a competing risk for relapse-related mortality, relapse a competing risk for NRM, and death without chronic GVHD a competing risk for GVHD.
Results
Engraftment and donor chimerism Donor chimerism levels: All patients had initial engraftment with a median of 37% (range, 10-79) donor peripheral T-cell chimerism on day 28. Median percentages of donor chimerism levels among peripheral blood T cell, granulocyte, and marrow compartments on days 28, 56, and 84 after HCT, based on the presence or absence of fludarabine in the conditioning regimen, are shown in Figure 1 . Overall, achievement of full donor peripheral T-cell chimerism was slower to Patients conditioned with TBI alone (n ¼ 8): The median number of days in which the absolute neutrophil count (ANC) was less than 0.5 Â 10 9 /l was 0 (range, 0-18), and five (63%) patients maintained ANCs40.5 Â 10 9 /l after HCT. Only one patient experienced decline of platelet counts to o20 Â 10 9 /l. Four of the eight patients rejected their grafts between 3 and 6 months after HCT despite DLI infusions.
Patients conditioned with fludarabine plus TBI (n ¼ 16): The median number of days in which the ANC was o0.5 Â 10 9 /l was 1 (range, 0-16), and six (38%) patients maintained ANCs 40.5 Â 10 9 /l after HCT. Only one patient experienced a decline of platelet counts to o20 Â 10 9 /l. On day 28 after HCT, four patients (25%) had achieved full donor and 12 (75%) mixed donor/host peripheral T-cell chimerism. Subsequently, 15 patients (94%) achieved full donor chimerism in a median of 84 (range, 28-360) days and one patient had 33% donor T-cell chimerism on day 84 before receiving a second myeloablative HCT because of concerns about low donor chimerism. There were no graft rejections in this group of patients.
Toxicities and GVHD
None of the 24 patients experienced regimen-related central nervous system (CNS) or pulmonary toxicities, mucositis, de novo alopecia, severe nausea and vomiting, hemorrhagic cystitis, or veno-occlusive disease. Grades one and two reversible renal toxicities related to high CSP levels developed in eight (33%) patients. Grade one cardiac toxicity developed in two (8%) patients. Hepatic toxicity developed in two (8%) patients with pre-existing liver disease. Patients at the European sites (Universities of Leipzig and University of Torino; n ¼ 9) had scheduled hospital admissions for HCT. Among the patients who were eligible for outpatient transplantation (n ¼ 15) in the other institutions, six did not require hospitalization during the first 60 days after HCT. The remaining nine patients were hospitalized for a median of 1 (range, 0-56 days) day. The transfusion requirements were low. One (4%) patient received platelet and five (21%) red blood cell transfusions. The proportions of grade II, III, and IV acute GVHD were 38, 4, and 8%, respectively. Nine (38%) patients developed chronic GHVD (two limited and seven extensive) ( Table 1 ). The 2-year estimate of chronic extensive GVHD was 32%. Infections were the most common toxicity affecting 42% of patients.
Outcomes
Disease responses according to disease status at transplant: A total of 14 patients were transplanted in CP1.
Two patients (both conditioned with TBI only) rejected their grafts and did not achieve CR. Of the remaining 12 patients, 11 achieved cytogenetic CR. The remaining patient achieved a partial remission but was unevaluable for further response after receiving a second HCT from the same donor. One of the 11 who achieved CR died subsequently from relapse and two died from nonrelapse causes. With a median follow-up of 43 (range, 29-49) months, eight patients were alive and in CR.
Four patients were transplanted in CP2. Three were alive, one in CR and one in partial remission, 1132 and 324 days after HCT, respectively. The third patient had initial partial remission followed by progression of disease 237 days after HCT (increased from 1 to 81% of Ph þ chromosome cells by FISH and appearance of 1% of blasts in peripheral blood). By tapering the CSP, the patient achieved complete molecular remission and full donor T-cell chimerism but subsequently relapsed in the CNS (chloroma) 668 days after HCT. She was treated with imatinib and radiotherapy, achieved CR of her chloroma and was in cytogenetic CR when last evaluated 1279 days after HCT. A fourth patient progressed to blast crisis and died from toxic epidermal necrolysis 59 days after HCT.
Six patients were transplanted in AP. Two patients achieved CR; one of the two was alive in CR 1804 days after HCT and the second achieved CR after DLI but developed extensive chronic GVHD and died from atypical pneumonia on day 1589 after HCT. One patient had partial remission, was treated with imatinib remaining in CP and died from disseminated infections (pseudomonas and aspergillosis) 813 days after HCT. One patient had stable disease and died 145 days after HCT from acute GVHD. Two patients (conditioned with TBI only) rejected their grafts and died from disease progression on days 225 and 407 after HCT, respectively.
Molecular responses: Among the 15 patients who achieved cytogenetic remission, 13 achieved molecular remission. Two achieved only cytogenic remissions; both were in CP1 at the time of HCT. One of the two relapsed in the CNS with a chloroma and died on day 252 after HCT. The second patient achieved a complete cytogenetic remission 1 month after HCT and died from GVHD on day 111 after HCT. The patient was PCR negative for bcr-abl in the peripheral blood but positive in the marrow. Among patients who achieved molecular remissions (n ¼ 13), 10 became PCR negative for bcr-abl after conversion to full donor T-cell chimerism; one patient became PCR negative concurrent with achieving complete donor T-cell chimerism; and two patients achieved molecular remissions 270 and 90 days before conversion to full donor T-cell chimerism, respectively. The median times for achieving cytogenetic and PCR negativities were 3 (range, 1-24) and 7 (range, 3-24) months, respectively.
Survival and causes of death: Of 24 patients, 13 (54%) were alive and in CR at a median of 36 (range, 4-49) months. Five patients (21%) died from NRM: one on day 111 from fungal infection and acute GVHD (while in CR), one on day 145 from acute GVHD (with stable disease -AP), one on day 386 from strep pneumonia (while in CR), one on day 1589 from infection with extensive chronic GVHD (while in CR), and one on day 813 after HCT from pseudomonas and aspergillosis infection (while in partial remission -CP). Six patients (25%) died from disease relapse or progression. One patient transplanted in CP2 progressed to blast crisis and died on day 59 after HCT and one relapsed in the CNS and died 252 days after HCT. The other four patients were conditioned only with TBI and rejected their grafts. One of four patients, who was in AP at the time of HCT, died from progression of disease 407 days after HCT. A second patient in CP1 at the time of HCT progressed to AP on day 100, was treated with imatinib, and achieved CP2. He died 996 days after HCT secondary to CNS hemorrhage. A third patient, transplanted in AP, progressed to blast crisis and received a second HCT 142 days after the first HCT from a different HLAmatched sibling after conditioning with busulfan (16 mg/kg) and cyclophosphamide (120 mg/kg); he developed acute GVHD and died from aspergillosis 83 days later in CR. The fourth patient transplanted in CP1, rejected a second HCT from the same donor after conditioning with 2 Gy TBI and fludarabine, and died in blast crisis 487 days after the first HCT. Outcomes are summarized in Figures 2 and 3 according to stage of disease.
Nine patients older than 55 years were transplanted in CP1, and five of the nine died at days 252, 386, 487, 825, and 996. The four surviving patients have been followed for 182, 1072, 1469, and 1477 days.
According to EBMT Risk Score, patients were classified as: 0 with score 0-1; 4 with score 2; 8 with score 3; 9 with score 4 and 3 with score 5. One of four (25%) patients with a score of 2 have died, three of eight (38%) with a score of 3 have died, six of nine (67%) with a score of 4 have died, and one of three (33%) with a score of 5 have died.
Outcomes among patients receiving TBI þ fludarabine (n ¼ 16): With the addition of fludarabine to TBI, no rejections occurred. In all, 10 patients were transplanted in CP1. Seven were alive (six in CR) with a median follow-up of 36 (range, 6-49) months. One of the seven patients had achieved partial remission after the nonmyeloablative HCT, but received a second myeloablative HCT because of concerns about low donor T-cell chimerism. There were three deaths, one secondary to relapse of disease and two NRM. The estimated 2-year overall and progression-free survivals were 68% (Figure 4 ). Six patients were transplanted beyond CP1 (four in CP2 and two in AP).
Three patients were alive, one in CR and one in partial remission 1132 and 324 days after HCT, respectively. The third patient was in cytogenetic remissions 1279 days after HCT following hematologic and CNS relapse, as described above. One patient Figure 2 Estimated probabilities of overall survival, relapse, and NRM after HCT for patients in first chronic phase (CP1, n ¼ 14). The 2-year estimates of overall survival, relapse, and NRM were 70, 22, and 15%, respectively.
Figure 3
Estimated probabilities of overall survival, relapse, and NRM after HCT for patients beyond first chronic phase (CP2, n ¼ 10). The 2-year estimates of overall survival, relapse, and NRM were 56, 64, and 12%, respectively.
Figure 4
Estimated probabilities of overall survival, relapse, and NRM after HCT for patients in first chronic phase (CP1) conditioned with TBI plus fludarabine (n ¼ 10). Progression-free survival estimates are identical to those for overall survival (68%).
Nonmyeloablative HCT for chronic myeloid leukemia FR Kerbauy et al died from toxic epidermal necrolysis 59 days after HCT with stable disease. The other two patients were transplanted in AP, achieved stable disease and died from nonrelapse causes.
Discussion
Nonmyeloablative conditioning regimens have decreased the occurrence of transplant-related toxicities and made allogeneic HCT available to older patients and those with comorbid conditions who were ineligible for conventional HCT. 21 The current regimen appeared to be safe for patients with various stages of CML. Most did not require red blood cell or platelet transfusions, and only half of the patients experienced shortlasting neutropenias. Only five patients had episodes of fever of unknown origin with no associated mortality. There were none of the side effects commonly seen with myeloablative regimens, such as prolonged neutropenia, high incidences of infections, severe mucositis, veno-occlusive disease, diarrhea, alopecia, prolonged hospitalization, and others. Overall, NRM was 21%, which we view as encouraging considering the patients' ages and/or comorbid conditions. The EBMT risk score validated for patients with CML undergoing myeloablative HCT 31 might also be useful for nonmyeloablative HCT but will require validation in a larger cohort of patients.
The initial use of 2 Gy TBI as conditioning resulted in early engraftment in all patients. However, four of eight patients so treated experienced nonfatal graft rejections. Previous reports showed incidences of rejections between 13 and 20% when 2 Gy TBI was used to condition patients with other hematological malignancies (Sandmaier et al, Blood 2001; 98: 742a (abstract)). 17, 34 While the number of patients conditioned with 2 Gy TBI only is small, the higher observed rejection rate could be explained, in part, by the absence of preceding intensive chemotherapy in CML patients. 17 In fact, three of the current four patients with rejection were treated only with hydroxyurea. In an effort to overcome the problem of graft rejection, three doses of fludarabine were added to 2 Gy TBI for additional immunosuppression, 35 and no rejections were observed in subsequent patients. 34 The proportion of grades II to IV acute GVHD was 46% but only three patients developed grade III-IV acute GVHD, which was fatal in two. Chronic extensive GVHD requiring immunosuppressive treatment was seen in seven (29%) patients, and three of these died from complications related to chronic GVHD. Despite the apparent safety and low toxicity of this conditioning regimen, the rate of NRM could be attributed to complications of both acute and chronic GVHD. GVHD has continued to be a problem after allogeneic HCT. However, recent results have suggested that grade III-IV acute GVHD can be substantially reduced by extending CSP to 180 days (3% in unpublished work).
Other investigators have suggested that the presence of full donor chimerism was not required for GVL effects. 36, 37 In the current study, however, none of the patients lacking full donor T-cell chimerism achieved a molecular remission. Three patients who achieved full donor chimerism without achieving a molecular response died of nonrelapse causes.
The current regimen appeared to be less effective in patients transplanted in AP compared to those in CP1 and CP2, although the number of patients treated was too small to allow for definitive conclusions. This suggests that GVL effects were not powerful enough to cure patients with more advanced phases of CML, either because the tumor burden was too large or because tumor cells had lost the ability to trigger GVL reactions or serve as targets for such reactions. The use of preemptive therapy, such as imatinib in the peritransplant period, might reduce the disease burden and result in better disease control in patients with CML-AP. 38 That such an approach might be successful is supported by the current observation that three of four patients with CML-CP2 achieved CR.
Despite the relatively short follow-up and small number of patients, the current findings suggest that patients given nonmyeloablative HCT can benefit from GVL effects and achieve complete remissions. 37 Lange et al 39 reported that CML patients who achieved complete molecular remissions after nonmyeloablative HCT continued to remain PCR negative for the duration of follow-up, demonstrating the durability of response. In a study conducted by Slavin and co-workers, 24 patients with CML in CP1 received HLA-matched related and unrelated HCT after reduced-intensity conditioning using fludarabine and busulfan þ /Àanti-thymocyte globulin (ATG). 40 An overall survival of 85% was reported with a median follow-up of 37 months. Although the results were impressive, they were obtained in a much younger group of patients who had a median age of 35 (range, 3-63) years and were transplanted at an earlier stage of their disease (a median of 14.1 (range, 1-54) months from diagnosis). These good results contrast with those in an even younger group of 17 patients with CML in CP1 (median age 32.1; range, 17-46 years) reported by Das et al 41 with a similar conditioning regimen of fludarabine and busulfan plus either 2 Gy TBI or ATG, where an overall survival of only 35% was seen after a median follow-up of 30 months. Finally, a retrospective study of the outcome of transplants with reduced-intensity conditioning for CML was conducted by the EBMT and presented at the American Society of Hematology Meeting in 2002. A total of 223 patients with CML CP1 (62% of patients), CP2 (30% of patients), and AP (7.5% of patients) with a median age of 49 years received a variety of reduced-intensity conditioning regimens for both HLA-matched and -mismatched related and unrelated HCT. The overall survivals at 2 years were 68, 59, and 32% for patients in CP1, CP2, and AP, respectively (Crawley et al, Blood 2002; 100: 781a (abstract)).
In summary, the present study shows encouraging results for patients with CML in first CP who were ineligible to receive conventional allogeneic HCT and were conditioned with a nonmyeloablative regimen from HLA-matched related donors. This approach should be considered for patients not eligible for conventional HCT.
